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ABSTRACT
Gregarines are a diverse group of apicomplexan parasites that inhabit the
intestines, coeloms and reproductive vesicles of marine, freshwater, and
terrestrial invertebrates. They have been known to dominate soil communities
and show high infection rates within their hosts. Despite this, little information is
available about the impact of infection on the gut microbiome of their hosts.
Tunicates are a known host of gregarines and several species already have
preliminary research focusing on microbial sampling and even screening for
bioactive metabolites with pharmaceutical potential. The solitary ascidian Ciona
intestinalis emerged as a model organism for studying host–microbe
interactions taking place in the gut, however, the additional layer of analyzing
for gregarine infected and uninfected microbial gut communities remains
unexplored. By identifying the host’s microflora through high throughput
sequencing of a DNA barcode from the bacterial 16S rRNA and measuring
metabolite concentrations with NMR spectroscopy, we can begin to understand
how gregarines influence the environment they occupy within the host.
Sequencing revealed similar bacterial communities between infected and
uninfected C. intestinalis, with the same dominant phyla making up nearly equal
structure of the relative abundances. Alpha and beta diversity statistics
supported this observation, with infected tunicates exhibiting slightly greater
diversity, though the difference was not significant. Preliminary NMR
spectroscopy data showed the majority of metabolite concentrations did not
differ between infected and uninfected ascidian guts. Of the significantly up

regulated metabolites 76 compounds were found in the infected intestine and
23 compounds in the uninfected, some carbohydrates, fatty acids and
metabolites related to osmoregulatory and oxidative stress revealing increased
concentrations within infected samples. Clustering of cultured metabolites within
the infected samples suggests similar a similar metabolic relationship and
potential dysbiosis, however random error could be contributing to these
conclusions as there was low overall concentrations and extreme variance in
the data. Our data indicate that gregarine infection of Lankesteria ascidiae has
little impact on the tunicate gut microbiome and metabolome of Ciona
intestinalis, though slight variations in microbial community and metabolites will
provide a preliminary library of information to build from. Further exploration of
host-microbiome/metabolome interactions comparing presence and absence of
infection by utilizing transcriptomics, liquid-chromatography mass spectrometry,
and physiological measures will aid in gaining a better understanding of the
chemical impact gregarines have on the gut and further help to create and in
vitro culturing system.
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Chapter 1
Introduction
Symbiosis is the close interaction of two organisms from different
species, which can be beneficial, detrimental or have no effect for one or both
partners. Most symbiotic associations occur with at least one microbial
(bacterial or eukaryotic) partner. Symbionts typically evolve from free-living
ancestors who adapted a host-associated lifestyle, developing parasitic or
mutualistic interactions. However, grouping organisms into one of two
extremes (parasitic or mutualist) implies a simple binary system (Drew et al.,
2021b). Actual interactions between symbionts and hosts are more
complicated, showing a scale of costs and benefits in terms of host
association (Bronstein, 1994; Drew et al., 2021a). Microorganisms that fall in
the middle of this continuum, causing no notable harm to the host yet still
benefiting from the interaction, are considered commensals. Within this
classification alone, there are a multitude of described commensal interactions
with distinct ecological processes and evolutionary effects (Mathis &
Bronstein, 2020).
Deeper research into interactions of organisms categorized as mutualists
showed that, at times, they may be exploiting their hosts and causing harm
under different circumstances (Keeling & McCutcheon, 2017; Law &
Dieckmann, 1998; Wooldridge, 2010). Even Apicomplexa, a phylum widely
classified as parasitic, have species that exchange beneficial interactions
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between symbiont and host (Hunter et al., 2020; Saffo, 1990; Saffo et al.,
2010). Thus, there is much to be challenged in terms of organismal placement
and movement situationally along on the parasite-mutualist continuum (Ewald,
1987). Symbiosis is a context dependent struggle between organisms just like
any other ecological interaction, the impact of which should be re-evaluated on
a species and molecular level.
The phylum Apicomplexa consist of over 6000 named species of
unicellular protistan parasites, though the number is estimated to be much
higher (1.2-10 million species). This estimate is based on the likelihood that
nearly every metazoan harbors at least one apicomplexan (Morrison, 2009).
The range of observed hosts are abundant in diverse ecosystems spanning
from marine polar regions to neotropical rainforests (Cleary & Durbin, 2016;
Mahé, et al., 2017), with the planetary scale of these organisms only recently
appreciated (Bork et al., 2015; Lentendu et al., 2018). The focus of
apicomplexan research in the past trended towards medically and
pharmaceutically relevant endoparasites including the well-known know
pathogenic genera such as Plasmodium, Toxoplasma and Cryptosporidium,
the causative agents of malaria, toxoplasmosis, and cryptosporidiosis,
respectively. Economically important livestock and domestic animals are
harmed by other tick-borne apicomplexans such as Babesia and Theileria
(Camino et al., 2020). These pathogens raise major concerns for public health,
considering malaria alone affects millions each year (Walker et al., 2018),
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claiming the lives of around a half a million people annually (Center for
Disease Control, 2020).
The phylum Apicomplexa contains no free-living species and the clade
has been described as entirely parasitic in publications for years (Mathur et al.,
2018; Mathur, Kolísko, et al., 2019; Morrison, 2009; Roos, 2005; Votýpka et
al., 2016; Woo et al., 2015). These organisms encode various adaptations
and genomic reductions associated with parasitism, including loss of
biosynthesis pathways, multiple cofactors, and genes involved with motility
(Gubbels & Duraisingh, 2012; McFadden & Waller, 1997; Woo et al., 2015).
More recently, evidence has shown that a number of these characteristics
considered as derived adaptations for parasitism evolved prior to the
parasitism itself (Janouskovec & Keeling, 2016), revealing the presence of
such adaptations does not equate to parasitic lifestyle. This suggests that
apicomplexans can exhibit the full symbiotic spectrum, from parasitism to
mutualism, and that the evolution of parasitism has multiple origins (Mathur,
Kolísko, et al., 2019).
Mutualistic relationships have already been described between some
species and their hosts (Hunter et al., 2020; Kwong et al., 2019; Rueckert et
al., 2019a; Saffo et al., 2010), spanning distant taxa within apicomplexan
phylogeny. While most of those with less harmful life strategies have been
described in early branching groups, such as the gregarines or corallicods,
phylogenetic analyses have revealed some outliers. Species in the genus
Nephromyces, sister to the hematozoan clade that encompasses previously
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mentioned Plasmodium, Babesia, and Theleria, were demonstrated to be a
group of reported mutualists nested within the extremely virulent blood
parasites (Hunter et al., 2020; Muñoz-Gómez et al., 2019). On the other hand,
pathogenic Cryptosporidium resolved closer to the early branching gregarines
than previously thought (Aldeyarbi & Karanis, 2016; Carreno et al., 1999),
strengthening that harmful parasitism can evolve independently across
apicomplexan phylogeny. Virulence among apicomplexan groups is not an
indicator of relatedness and our understanding of symbiotic relationships
within apicomplexan groups is lacking.
The gregarines are a unique subgroup of early diverging
apicomplexans that are largely left out from genome-scale research, due to
their lack of medical relevance and/or a lack of an in vitro culturing method to
closely study them (with the exception of Cryptosporidium (Bones et al.,
2019)). It consists of early diverging groups that appear to exist along the
entire symbiosis continuum, making them key players in the understanding of
the evolution of Apicomplexa across the symbiotic spectrum from their freeliving ancestors. Phylogenetic clarity of this group has been a topic of
contention, with majority of studies relying on small subunit sequencing to
build trees with a wide diversity of species (Cavalier-Smith, 2014; Dias et al.,
2017; Iritani et al., 2021; Janouskovec et al., 2019; Leander et al., 2003, 2006;
Paskerova et al., 2018; Rueckert et al., 2010; Rueckert & Leander, 2008;
Wakeman, 2020). However, more recent publications focus on a smaller
number of taxa but utilize genomic and transcriptomic data to further solidify
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the phylogentic position of gregarines within Apicomplexa (Mathur, Kolisko, et
al., 2019; Salomaki et al., 2021).
Gregarine symbionts are diverse and species commonly infect the gills,
mantle, and digestive tracts of fresh water, marine, and terrestrial
invertebrates. As one would expect, with such a high diversity of hosts, this
clade also exhibits enormous diversity in cellular morphology and architecture
(Valigurová & Florent, 2021). Impacts on survival of infected hosts seem to
cover the whole spectrum of symbiosis. On one side, some gregarines have a
detrimental effect, such as the marine gregarine, Lankesteria, which causes
mortality in inland culture systems of tunicates (Mita et al., 2012). Conversely,
survivorship of host like the mangrove oyster, dragonflies, and mealworms
showed little to no negative correlation between infection (Kua et al., 2013;
Marden & Cobb, 2004; Rodriguez et al., 2007). A documented case of
gregarine infection even reported increased longevity in highly infected
pseudoscorpions (Bollatti & Ceballos, 2014), suggesting a beneficial
relationship.
One hypothesis is that gregarine infections could be a limiting factor for
host growth, leading to high invertebrate diversity in regions with high parasitic
infection, instead of a few dominant species (Mahé, de Vargas, et al., 2017).
Reportedly, hosts may harbor up to 5 species of gregarine symbiont species
(Smith & Cook, 2008), though generally they are considered monoxenous.
Host specificity coupled with high prevalence of infection across a wide
diversity of invertebrate species suggests coevolution between gregarines and
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their hosts (Rueckert et al., 2019b). Alternatively, this could further support the
argument that not all gregarines are parasitic, and that some could just be
considered part of the host’s microbiota (Rueckert et al., 2019a).
Unfortunately, this presents a major challenge in terms of obtaining isolated
organisms from hosts, making molecular investigations much more difficult,
due to the copious amounts of material needed for quality analysis (Drew et
al., 2021a).
To understand impacts of gregarines on their hosts, and to allow for the
development of a more convenient in vitro culturing method for future work, we
first need to better understand the biological relationships between gregarines
and their hosts. Specifically, identifying the microbial interactions within gut
microbiomes and metabolomes of known gregarine-host relationships will
allow for further understanding of where those species fall on the parasitemutualist continuum. Conveniently, molecular and morphological descriptions
of gregarines in the genus Lankesteria are published (Ciancio et al., 2001;
Iritani et al., 2021; Leander et al., 2006; Mita et al., 2012; Rueckert et al.,
2015a) and potential hosts are readily available for sampling.
Tunicates are known hosts of gregarines (Holland, 2016; Irvine et al.,
2019). The filter-feeding early-diverging chordates, also known as
urochordates, have a classic developmental model that can be experimentally
manipulated and have protocols for culturing (Joly et al., 2007). Studies that
surveyed Pacific tunicates in the ascidians found seven novel species of
Lankesteria isolated from seven different tunicate species (Rueckert et al.,
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2015b; Rueckert & Leander, 2008). Interestingly, similar tunicate hosts have
been the focal point of pharmaceutical research with multiple studies
screening for marine natural products from the animals’ microbiomes
(Asayesh et al., 2021; de la Calle, 2017; Erwin et al., 2014; Palanisamy et al.,
2017; Utermann, Echelmeyer, Oppong-Danquah, et al., 2020). Bioactive antifungal, anti-cancer, and anti-malarial drugs are of particular interest when
taking cultures from various tunicates (Ayuningrum et al., 2019).
Ciona intestinalis, an ascidian first described by Linnaeus in 1767, has
been confirmed to host a gregarine parasite, Lankesteria ascidiae, that can
reportedly cause major blockages in the digestive tract (Mita et al., 2012). The
pericardial body of C. intestinalis was investigated but no gregarines were
found to infect this location, despite evidence of muscle degeneration (Rohlfs
et al., 2020). Previous microbiome research has been performed using C.
intestinalis tunic, gut, and surrounding seawater, and found that
geographically disparate Ciona harbor similar microbiota in the gut while the
tunic showed a diversity of microbiota (Blasiak et al., 2014; Dishaw et al.,
2014; Utermann, Echelmeyer, Blümel, et al., 2020), laying necessary
groundwork in understanding host microflora. Despite these studies and more,
screening for parasitic infection while performing microbiome and metabolomic
analysis has yet to occur, leaving a gray area as to whether animals used in
these studies were infected and if that could have affected results.
This research aims to describe the gut microbial communities in Ciona
intestinalis, both infected with the gregarine, Lankesteria ascidiae, and
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uninfected. Additionally, I further explore gregarine metabolism through
screening metabolite concentrations with NMR spectroscopy. By
characterizing the microflora of C. intestinalis gut and the potential interactions
between the microbiome and the gregarine, we can begin to describe how
these symbionts influence the host’s gut, and ultimately, the host’s fitness.
Understanding the biological relationship between gregarines and their hosts
will allow for further research on these interactions and development of an in
vitro culturing method for these apicomplexans.

Materials and Methods
Animal Sampling and Culturing
Sampling of Ciona intestinalis specimens was conducted in August of
2020 and throughout the Spring of 2021 from Matunuck Marina, RI (US,
Atlantic Ocean, 41.3890° N, 71.5201° W, 0.5m depth). Tunicates that were not
immediately dissected were transferred into an open system tank at the URI
Graduate School of Oceanography to await sampling.
Uninfected juveniles were carefully reared from wild, sexually mature
adult C. intestinalis in October of 2020 and grown in a closed system tank at
the University of Rhode Island Kingston campus. Eggs from two individuals
were combined with clean sperm from another in a sterile petri dish containing
autoclaved, filtered seawater. The cells were left for a few hours to allow
fertilization to occur before seawater was removed with a pipette and changed.
Fertilized eggs were cultured for two days until they were in the larval stage,
where they were then transferred to a 2L tank. Isocrysis galbana and
8

Chaetoceros gracilis were cultivated as feed in conventional f/2 medium using
autoclaved artificial seawater. Tanks were kept in incubators that were kept at
18 degrees celcius with no artificial light. Culturing protocol and selection of
food were chosen based on previously described methods (Joly et al., 2007).
Individual C. intestinalis guts (n=37) were dissected by first removing
the outer tunic from the mantle and the remaining body using sterilized
scissors. Subsequently, the gut was carefully removed from the inner body
using fine-tipped forceps under a low-magnification stereomicroscope and
rinsed with sterile autoclaved seawater. Because at least 2 cm of intestine
were favorable for NMR analysis, whole guts were kept intact and 50mL tubes
were immediately frozen in liquid nitrogen and stored in at -80 ◦C until further
processing. Guts of C. intestinalis dissected from the tunicates reared in the
cultured, non-wild system were especially short, averaging under 2cm of
tissue.
Screening for parasitic infection was accomplished using two methods: a
visual survey for gregarine trophozoites during dissection of the gut and a
nested PCR screen from extracted gut tissue genomic DNA. For the visual
survey, guts were examined under an inverted microscope where gregarines
were easily visible in and surrounding the gut and stomach if infected. A
nested PCR was performed on some samples using universal eukaryotic
primers and gregarine specific internal primers to double check for infection or
confirm infection in guts where no gregarines were observed (Leander et al.,
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2003, Rueckert et al., 2015). Sanger sequencing of successfully amplified
DNA fragments was conducted at the URI Genomics and Sequencing Center.
Frozen samples were labelled and separated based on infection and type
of analysis. Samples used for metagenomics analysis (n=15) were preserved
in DNA/RNA shield for DNA extraction and samples used for metabolomics
(n=24) were preserved in 50% methanol. All samples were kept frozen at -80
◦

C.

Microbiome Analysis
DNA Extraction, Library Preparation, and Sequencing
For microbial community composition analyses, total genomic DNA was
extracted from dissected intestine (n=15) using a Macherey-Nagel NucleoSpin
Soil kit (Thermo Fisher Scientific) following manufacturer’s instructions. For
concentrated DNA, 30uL of elution buffer was used on the final step.
Concentration of the extracted DNA was checked on a Nanodrop.
The genomic DNA was shipped on dry ice to the Integrated Microbiome
Resource (IMR) in Halifax, Nova Scotia for the remaining sequencing
procedures. Two regions were amplified at the IMR for community analysis,
the bacterial V6-V8 region of the 16S rRNA gene and the fungi-specific ITS2
gene. The 16S region was amplified using primers B969F/BA1406R (Comeau
2011) and the ITS2 region was amplified with primers ITS86F/ITS4 (Op De
Beeck 2014). PCR products were verified visually by running on a highthroughput Hamilton Nimbus Select robot using Coastal Genomics Analytical
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Gels. The PCR reactions from the same samples were pooled in one plate,
then cleaned-up and normalized using the high-throughput Charm Biotech
Just-a-Plate 96-well Normalization Kit. Sequencing was performed on an
Illumina MiSeq platform (MiSeqFGx) using 300+300 bp paired-end V3
chemistry kit to allows for overlap and stitching together of paired amplicon
reads into one full-length read of higher quality.

Bioinformatic Processing and Statistical Analysis
Sequenced samples were analyzed using QIIME2 (v. 2022.2) following
the “Moving Pictures” tutorial for microbiome analysis. Quality of sequences
was checked with FastQC (Andrews, 2018). Primers and adapters were
trimmed with Cutadapt v. 2.7 (Martin, 2011) followed by demultiplexing to
determine sequences per sample. Trimming and truncating with DADA2
(Callahan et al., 2016) was used to eliminate low quality regions of the
sequences. One 16S sample (Uninfected sample 8) and all ITS2 sequences
were removed from the data set as sequence counts and quality were
extremely low. Several phylogenetic diversity metrics were run using the q2phylogeny plugin in QIIME2 that utilizes the program MAFFT (Katoh et al.,
2019) to perform a multiple sequence alignment.
A classifier was manually built using full length 16S/18S sequences from
SILVA (v. 138.1) and taxonomy was assigned using a Naive-Bayes trained
approach implemented in the scikit learn Python library. The OTU abundance
table was rarefied based on the depth of 2424 sequences common to all
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samples. Common alpha and beta-diversity metrics were calculated with a
single command in QIIME2 using the q2-diversity plugin, which applied related
statistical tests and generated interactive visualizations including emperor
plots displaying principal coordinate analysis (PCoA) plots. Significantly
different bacterial taxa were statistically identified via the Kruskal-Wallis-Test
(comparison of multiple groups). P-values were adjusted for multiple testing
using the false discovery rate (FDR) method as suggested by Benjamin and
Hochberg (Benjamini & Hochberg, 1995). Taxonomy bar plots were exported
at phylum level and visualizations were made using R-Studio (v. 4.1.2). PCoA
plots were exported from and edited with the beta added Vega Editor (beta
version - QIIME2)

Metabolite Extraction and Statistical Analysis
For individual metabolome analyses, single ascidian guts were
dissected (n=24, 12 infected, 12 uninfected, of which 3 were from the closed
culture system). Frozen samples were sent in 50% methanol to the University
of Kent for extraction and metabolite assignment. The gut content was
resuspended and decanted into 15 mL falcon tubes with an additional 4mL of
50% methanol at room temperature. Using glass beads, the tissue was
vortexed for 30 seconds before it sat to incubate at room temperature for 3
minutes. After samples were vortexed for another 30 seconds, the individual
samples were aliquoted into four separate Eppendorf tubes with 1mL per tube
in each. Aliquots were centrifuged for 20 minutes at 10,000g at 4oC and the
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supernatant was poured into new, sterile 15mL falcon tubes carefully to avoid
contamination via the pellet. Distilled water was added to supernatant before
snap freezing in liquid nitrogen. Treated samples were then put on the freeze
drier for approximately 18 hours.
Samples were analyzed using the subsequent protocols described by
collaborators at the University of Kent. Prepared samples were run on a onedimensional (1D) 1H NMR spectroscopy on a 600 MHz AVANCE III
spectrometer (Bruker) at 298 K with a transmitter frequency of 600.05 MHz
locked to D2O. Tuning and shimming were carried out automatically as was
the 90o pulse calibration. Soft pulses were set and receiver gain was limited to
a maximum value of 128. A nosey of 512 scans and 8 dummy scans with a
spectral width of 15.98 ppm (9590.75 Hz) was performed, with an acquisition
time of 1.71 s and relaxation delay of 3 s and a data size of 32768 points. An
excitation sculpting experiment was carried out with 256 scans and 8 dummy
scans; the spectral width was 15.98 ppm (9590.79 Hz), acquisition time 1.7 s
and relaxation delay 3 s; with a data range of 32768 data points. For all
experiments, water resonance was at 4.699 ppm.
The resulting spectra were phased, baseline corrected and linebroadened with a 1 Hz exponential window function in TOPSPIN 4.0.9
(Bruker). Processed spectra were imported into Chenomx 8.4 where the
Chenomx Processor was used to perform standard profiling and calibration. A
shim correction of 1.2 Hz was applied and the region between 4.56 ppm to
4.97 ppm was deleted to eliminate the water resonance peak. pH adjustments
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were made based on the recorded pH of the samples. Peak assignment,
identification and quantification was achieved using the Chenomx profiler tool,
spectra were automatically fitted to the 338 reference compounds in the
Chenomx library, each spectrum was manually checked and adjusted to
account for the non-homeostatic nature (varying pH and metal ion content) of
fecal samples before the resulting compound concentrations were exported.
After processing and assignment of metabolites, a metabolic
concentration table was organized and input into the MetaboAnalyst 5.0
pipeline to perform general one-factor, unpaired statistics and enrichment
analysis to compare infected/uninfected and wild/cultured ascidians.
Metabolites containing concentrations of zero across all samples were
removed from the data set. The subsequent concentrations of metabolites
filtered using the mean of intensity values to remove any non-informative
results, especially concentrations too close to baseline levels. Samples were
then normalized by the sum and scaled through the auto-scaling feature.
These additional steps aim to reduce the impact of very intense concentration
signals and biases to retain biologically relevant differences between
compound concentrations (Euceda et al., 2015).
Univariate analysis of these metabolite profiles was used to determine
which metabolites are different between the two groups, therefore the
cultured-uninfected samples were removed from the analysis. Fold-change
(FC) analysis was set to a significance threshold of 2, calculating ratios
between means of different metabolites for infected and uninfected ascidians.
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Analysis was carried out on false discovery rate (FDR) adjusted p-values
(based on Benjamini-Hochberg procedure) for a multiple comparisons
approach with a p value of <0.1.
Multivariate analysis was used to investigate patterns between C.
intestinalis infection and habitat between resulting metabolite profiles,
therefore cultured tunicates were included. This was implemented using
unsupervised Principal Component Analysis (PCA) to evaluate the sample
variance and helped identify outliers based on clustering. Average yields of
individual extracts were statistically compared between infection types with a
non-parametric Kruskal Wallis ANOVA and a subsequent Tukey’s HSD test.
Quantitative Enrichment Analysis (QEA) was chosen as the analysis method
due to its ability to use a generalized linear model to estimate the association
between concentration profiles of a matched metabolite set with a variable, in
this case infection status. Names/IDs of a few metabolites in our concentration
table needed manual matching to those in popular metabolomics libraries so
that the pipeline could identify them correctly. The cultured uninfected tunicate
samples were excluded from the statistics as only two variables could be
compared for QEA and a library of 464 main-class metabolite sets was used to
identify compound group names.

Results
Comparative microbiome analysis of guts from infected and uninfected C.
intestinalis
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Exploration into the microbiome of C. intestinalis was carried out
through community sequencing of the V6-V8 hypervariable region of the
bacterial 16S rRNA and ITS2 gene. After denoising, the ITS2 samples
contained multiple failed runs and a minimal number of low-quality sequences.
ITS2 sequencing data was therefore deemed too low quality to move forward
and was discarded. Fourteen of 15 gut samples passed the quality control
steps, including 5 infected guts, 5 uninfected guts, and 4 uninfected guts from
ascidians raised in closed culture. Quality filtering of bacterial 16S samples
reduced the initial total number of reads from 508,882 to 356,326 (n=14). The
percentage of reads retained following merging of paired reads and the
chimera check ranged from 65-80% of the original read count depending on
the sample.
Read pairs were transformed into Operational Taxonomic Units
(OTU’s), the basic unit used in taxonomical classification, by binning at a
similarity level of 100% to accurately estimate unique sequences and therefore
improving estimations of diversity and taxonomic composition of samples. This
process yielded 1629 unique OTU’s with all samples including singletons and
considerable proportions of OTU’s that contributed to less than 1% of total
relative abundance. Sequence depth varied greatly between samples, from
2424 sequences from an uninfected wild sample to 71,305 sequences in an
infected wild sample. Despite this difference, alpha rarefaction curves nearly
leveled out, apart from observed features in the uninfected samples which
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were nearly but not completely saturated, suggesting additional sampling may
be necessary (Figure 2).
We examined the alpha diversity of the bacterial communities by
utilizing a range of statistics for a robust analysis. Analysis included calculating
the number of total observed OTU’s, the Shannon index which incorporates
both richness and evenness, and Faith’s PD to incorporate phylogenetic
differences between species. All pairwise measurements yielded insignificant
results between infected and uninfected microbiomes (p>0.05). In all cases,
the only significantly different samples were the 4 uninfected tunicates reared
in culture (p=0.01) (Table 1 and Figure 2).
Phylogenetic analysis assigned OTU’s to 11 different bacterial phyla
using the SILVA (138.1) database, with 15 additional contributing to less than
1% of sample OTUs. Abundance varied amongst different samples, however
the phyla Proteobacteria (40.5%), Cyanobacteria (20.7%), Bacteriodia
(13.7%), and Firmicutes (10.8%) were the most abundant across all samples
(Figure 3). The uninfected tunicates from the closed tank, cultured system had
OTU’s in 6 main phyla, while the uninfected wild and infected wild tunicates
had OTU’s in 10 and 11 phyla respectively. While guts looked to be dominated
by Proteobacteria, Cyanobacteria, and Firmicutes when averaged across all
samples, abundance varied between the wild and cultured samples. Notably
missing from the culture-sampled microbiomes were phyla Campylobacterota,
Chloroflexi, Cyanobacteria, and Fusobacteria, as well as a low abundance of
Firmicutes (0.01%). Instead, cultured samples had the highest abundance of
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Bacteriodies (34%) out of the other groups. Infected samples showed similar
abundances to uninfected wild tunicates, however Dependentiae was a
phylum unique to the infected samples (Figure 3).
For beta diversity measures, Bray-Curtis multivariate ordination showed
no significant clustering between wild type tunicates regardless of infection,
however the uninfected cultured samples did cluster separately (Figure 4).
Ascidian microbiomes from uninfected cultured tunicates differed significantly
from the wild infected and uninfected type tunicates when tested with ANOISM
(R: 0.92-0.95, p<0.01) while infected and uninfected wild caught tunicate
microbiomes were not significantly different (R:0.18, p=0.122).
To further test for robustness of beta-diversity results, additional
ordinances were calculated using weighted Unifrac distances. Though the
clustering was a bit more apparent when visualized with this distance matrix,
the statistics yielded similar, unsignificant results between wild caught C.
intestinalis. Cultured gut samples again showed significant differences from
infected and uninfected wild tunicates (R:0.56-0.82, p<0.01) while the latter
two were not distinctly different (R:0.1, p=0.16). Summary statistics for alpha
and beta diversity measures can be found in Table 1. According to pairwise
ANOISM and Kruskal-Wallis tests, the microbiome of C. intestinalis does not
correlate with parasitic infection, only reared individuals in a closed system
showed significant composition differences.

Comparative Metabolomics of C. Intestinalis
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Preliminary quantitative metabolomics for this study was achieved by
NMR spectroscopy with whole C. intestinalis guts. To compare between
metabolomes of C. intestinalis with and without infection of gregarines, 12
infected guts were compared to 12 uninfected guts, 3 of which were from the
closed culture tank. At least 2 cm of intestine was sent to the University of
Kent for processing, however uninfected-cultured guts were exceptionally
small.
Compounds were manually assigned by comparing biological samples
to a reference spectral library. The resulting metabolite concentration table
included values that were extremely low, some less than one ten-thousandth
of a decimal, so further filtering and scaling were used to normalize the data
(Supplementary Figure 1). Following normalization, Principal Component
Analysis was used to visualize metabolomic concentration data based on
similarity (Figure 5). Clustering of infected and uninfected wild tunicates is
clear and nearly separated, with a minor overlap. The uninfected guts were
clustered tightly together on the plot with the exception of two samples, while
the infected showed a more diverse spread, even post-normalization (Figure
5). The infected cluster also trends towards the negative scores, suggesting a
lower detectable concentration of free metabolites and positive infection.
Uninfected-cultured guts grouped within the cluster of infected wild guts.
However, Principal Components 1 and 2 only explain 58% of the variance
between infection types and increasing the number of principal components to
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8 raised that to 69.9% of variation explained. The plot showed no obvious
outliers in the data set (Figure 5).
Multivariate, unpaired statistics were run with a Tukey’s HSD Pots-Hoc
test, revealing that between infection groups, 74 metabolites were statistically
significant (p<0.1) and the remaining 165 metabolites were not. A nonparametric Kruskal Wallis test revealed 104 significant metabolic compounds
and 135 insignificant (p<0.1).
Examining just the samples collected from the wild tunicate populations
with univariate analyses, a Mann Whitney U-test determined 111 significant
metabolites between infected and uninfected wild ascidians and 124
unsignificant. Conversely, a two-sample t-test found 75 significant metabolites,
a 36-compound in significant metabolites. A volcano plot was created to
combine fold change analysis between infected and uninfected with the results
of the U-test, revealing up and down signaling of individual metabolites in both
infection groups (Figure 6). A fold change threshold of 2 was set for the x-axis
and a U-test threshold of 0.1 was used for the y-axis, both shown by the
dotted line on the plot. Comparison revealed 23 metabolites with significantly
higher concentrations in uninfected gut samples, 76 significant metabolites in
infected guts, and 136 insignificantly different compounds. Compound names
of significant metabolites were mostly labeled, the further away the metabolite
data point is from (0,0), the more significant (Figure 6). Top significant
metabolites for uninfected guts include Valine, Isoleucine, Sarcosine, and 2'-
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Deoxyuridine. For infected, most significantly different metabolites included
Caprate, Maltose, Agmatine, and 4-Hydroxyphenylacetate.
To further look at the metabolites, Metabolite Set Enrichment Analysis
(MSEA) was run with two factors: the infected (n=12) and uninfected (n=9)
wild tunicate guts, discarding the cultured samples as their classification of
‘uninfected’ as previously done for univariate analysis. Specifically,
Quantitative Enrichment Analysis (QEA) was chosen as the method, due to its
ability to use a generalized linear model to estimate the association between
concentration profiles of a matched metabolite set and assigned variable,
rather than inputting a list of metabolites. The same normalization techniques
were implemented for this analysis as stated above with an additional manual
identification of unmatched compound names. The top 25 enriched metabolite
main classes ranged from 43 amino acids and peptides including some of the
most significant metabolites mentioned above, to 2 pyridines (p<0.05) (Figure
7). Almost 75% of the metabolite data classified into 8 main-class groups:
amino acids and peptides (28.4%), fatty acids and conjugates (16.5%),
monosaccharides (10%), purines (8%), pyrimidines (7.7%), and phenylacetic
acids (5.3%). The remainder of the metabolite make up belonged to smaller
groups of sugars and acids.

Discussion
Prior research has challenged where the lifestyles of early-branching
gregarines fall on the parasitic-mutualist continuum (Boisard & Florent, 2020;
Drew et al., 2021a; Ewald, 1987; Rueckert et al., 2019b). Gregarines are
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widely considered parasitic, yet they tend to have host-specific relationships
with high infection rates across many invertebrate groups. Additionally,
gregarines maintain a high prevalence in sediments when outside of hosts
which suggests a more commensal leaning relationship (Cleary & Durbin,
2016; Criado-Fornelio et al., 2017; de Vargas et al., 2015; Lentendu et al.,
2018; Mahé et al., 2017; Massana et al., 2015; Mathur et al., 2018; Rueckert
et al., 2015a; Smith & Cook, 2008). Most research on gregarines continues to
revolve around discovery and identification or new species, with a significant
number being described in terrestrial arthropods, in particular. While diversity
and spread of this clade are important, there is much left unknown about the
biological relationship between the host and gregarine symbionts. Previous
studies into interactions between gregarine symbionts and their hosts have
been limited, while studies specifically focusing on known gregarine hosts
(tunicates especially) have largely ignored the potential for these parasites to
be affecting fitness of the model organism they are studying (Asayesh et al.,
2021; Dishaw et al., 2014; Utermann, Blümel, et al., 2020; Utermann,
Echelmeyer, Oppong-Danquah, et al., 2020).
Publications that do report on gregarine impact on fitness are mainly
within insect systems and typically focused on largescale host characteristics
(weight, growth, survivorship, and sex bias) instead of changes in host biology
with presence and absence of infection. For example, one study focused on
determining prevalence, intensity, and change in gregarine infection intensity
over time within pseudoscorpions (Bollatti & Ceballos, 2014). There they
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showed that, not only did a large percentage of hosts maintain intense
infection over time, but they also lived longer than the less infected and
uninfected groups, creating a strong argument for commensalism (Bollatti &
Ceballos, 2014). Steinina ctenocephali, a gregarine living in the alimentary
canal of cat fleas did not impact emergence or survival (Alarcón et al., 2017).
Surprisingly, it actually increased rate of larval development, suggesting it too
may represent a mutualistic gregarine, though the details of the relationship
remain unclear (Alarcón et al., 2017).
Here we took preliminary steps into exploring parasitic interactions
between the host microflora and gregarines by comparatively profiling C.
intestinalis gut microbiome and metabolome of infected and uninfected
specimens. We also sampled the microbiome and metabolome of reared
tunicates in a closed system aquarium, to minimize external pathogens (Joly
et al., 2007). Gregarines were visible in the intestine and stomach of wild
caught dissected animals, similar to images reported in Mita et al. (2012). We
did not, however, observe tunicates showing long feces syndrome, where
digestive tissue looks unhealthy and clogged leading to thin feces. All infected
tunicates from Matunuck Marina appeared healthy and infection could not be
predicted until they were dissected, and Lankesteria ascidiae was identified.
Investigation into the bacterial communities comprising the microflora of
infected and uninfected intestines showed little differences, suggesting that L.
ascidiae infection in wild caught tunicates was not impacting bacterial
diversity. Despite differences in abundance, major phyla such as
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Proteobacteria, Cyanobacteria, Firmicutes, and Actinobacteria were consistent
with phyla found in two previous ascidian microbiome studies (Dishaw et al.,
2014; Utermann, et al., 2020). Uninfected-cultured samples had a reduced
bacterial community, only harboring 6 major phyla with a complete absence of
Cyanobacteria and Firmicutes, two groups that have been shown to provide
benefits to hosts as members of the microbiota. Species of cyanobacteria, in
particular, have demonstrated positive effects, such as Prochloron didemni
providing secondary metabolites to the tunicate species Lissoclinum patella
(Donia et al., 2011). Bacteroidetes was the most common bacterial sequence
in the cultured sample data, which also lacked Firmicutes. Whereas tunicates
and humans are not closely related, Firmicutes/Bacteroidetes ratios are used
as a relevant health marker for determining obesity or gut dysbiosis in humans
(Ley et al., 2006; Magne et al., 2020). Interestingly, uninfected wild tunicates
had a greater abundance of both phyla (17% Firmicutes and 6%
Bacteriodetes), whereas infected wild tunicates had a decreased abundance
of Firmicutes (14%) and under 1% Bacteriodetes, potentially suggesting an
unhealthy microbiome within infected individuals.
Further comparisons between infection status and wild/cultured
tunicates revealed that alpha and beta diversity was higher in infected
samples though not significantly different from uninfected. Instead, the only
significantly different samples were once again the uninfected-cultured
tunicates, revealing the lowest alpha and beta diversity of all gut samples
(Figure 2). This leads us to believe that the core microbiome retains flexibility
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regardless of the presence of L. ascidiae, as is similar to tunicates from
geographically isolated communities. However, higher alpha diversity in the
infected guts reveals that the presence of gregarine symbionts alters bacterial
community and may restructure the gut microbiome. Though not statistically
different, the increased alpha-diversity shows the presence of L. ascidiae in
wild tunicates make form new niches that additional microbes can occupy
within the tunicates gut. This phenomenon has been observed in soil microbe
communities which exhibit higher diversity in environments with parasites
(Yang et al., 2019), as well as in zebrafish, where presence of a parasitic
worm increased microbial alpha diversity in the intestine (Gaulke et al., 2019).
Our data indicate that the conditions in which the tunicates are reared and fed
has a more significant influence on microflora.
A previous study has indicated that geographic location of C. intestinalis
is unlikely to cause changes in bacterial diversity, with three geographically
different populations revealing striking similarity of abundant intestinal OTU’s
(Dishaw et al., 2014). The only major bacterial community differences in C.
intestinalis were observed between invasive and native habitats (Utermann, et
al., 2020). Here we also show that gregarine infection does not significantly
affect the core microbial makeup, further supporting the idea that this species
is adapted to a less parasitic lifestyle. Our data also show that cation is
warranted for future studies involving cultured organisms, as the health of the
infected organisms we sampled in wild differed dramatically from the death
sentence that infection warrants in cultured tunicates (Mita et al., 2012). As
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filter feeding animals, it is possible that any minor harm from the presence of
L. ascidiae could be supplemented with horizontal symbiont transfer through
feeding. The mechanisms by which C. intestinalis establishes and maintains
its bacterial ecosystem in its gut is unknown (Dishaw et al., 2014), though it
could have important implications for understanding how gut immunity could
fend off potential parasitic harm.
Results of the metabolomics data did yield significantly different
concentrations between infection and wild/cultured C. intestinalis. One-factor
statistics allowed for comparison between infected, uninfected, and uninfected
cultured gut metabolomes, revealing significant concentration differences
between several metabolites. We expected that the metabolome of the
uninfected-cultured samples would reflect the microbiome analysis results,
showing similar differences to both infected and uninfected wild type tunicates.
However, Principal Component Analysis revealed interesting clustering, with
the uninfected-cultured samples unexpectedly grouping within the infected
sample cluster (Figure 5). However, it is important to note that Principal
Components 1 and 2 only explained 33.2% of the variance between infection
types. This is exceedingly low, as an optimal percent for further statistical
analyses would be greater than 80-90%. This suggests that there are
alternative factors that explain the variability in the data. There is also likely
remaining random error left in the data, even after data filtering, normalization,
and scaling, and correlations between variables could be influenced by this.
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When observing the significant metabolites between just wild type
tunicates, the infected guts showed higher metabolite concentrations of 76
metabolites, whereas only 23 metabolites were more abundant in uninfected
guts (Figure 6). Ascidians are known to have a rich metabolome, including a
repertoire of secondary metabolites and over a dozen putatively annotated
molecular families (Palanisamy et al., 2017). Prior research on C. intestinalis
metabolome revealed 121 abundant metabolites detected within the gut, with
unsaturated fatty acids, indole alkaloids, and polyunsaturated amino alcohols
as the main compounds identified (Utermann, Blümel, et al., 2020). The most
abundant and significant metabolites grouped into 8 key groups in this study,
with the top 25 most enriched metabolite classes including amino acids and
peptides, and fatty acids and conjugates (Figure 7).
Gregarines are symbionts that scavenge for food, so it would be fair to
hypothesize that the infected tunicate metabolomes would have lower levels of
carbohydrates and lipids. However, many of the metabolites found in higher
concentrations were sugars and fatty acids including maltose, glycerol,
glucose, and caprate (Figure 6). Stress related metabolites showed an
upregulation in infected individuals as well, specifically glycerol, betaine, urea,
and acetoin. Oxidative stress has been known to inhibit glycolosis in other
protozoan parasites, so increased levels of glycerol may be due to the
symbiont coping with the oxidative environment of its host (Husain et al.,
2012). Increased betaine helps to balance osmolytes, especially during
seasonal or daily salinity variability, and increased concentrations may
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suggest that infected individuals were experiencing salinity stress at the time
of sampling. Organic molecules, such as urea, have major roles in
osmoregulation and are utilized in other chordates, such as sharks and
coelacanths (Sims, 1984). However, urea is not excreted by C. intestinalis and
they must sequester the metabolite from food and microbes, same as lipids
and carbohydrates which appear to contribute most to their metabolic fuel
(Markus & Lambert, 1983). Therefore, the high levels of urea in infected
individuals paired with higher concentrations of lipids and carbohydrates
suggests that nutrient uptake and cycling is being disrupted in C. intestinalis
with the presence of infection.
Additionally, the metabolite acetoin aids microorganisms in the
regulation of acidification, another potential environmental stressor that could
affect the microbial community (Petrov & Petrova, 2021). Acetoin is known to
be produced effectively by bacteria in the genus Bacillus but was found almost
exclusively in infected individuals, despite only finding Bacillus in one infected
sample. In contrast, no acetoin was detected in uninfected wild samples even
though acetoin producing bacteria were detected in all uninfected samples.
Further pathway analysis and bioactivity testing of detected metabolites was
outside of the scope of this study. Discrepancies between our data and
previous work can be attributed to their utilization of liquid chromatography–
mass spectrometry (LC-MS) which has different compound coverage (Xia &
Wishart, 2011) and is 10 to 100 times more sensitive than NMR (Emwas et al.,
2019).
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While significant differences between concentrations of metabolites
existed within this data set, it is important to note that most of the
concentrations were very low. Even though multiple normalization steps were
taken, very small concentration changes have a disproportionate affect on our
analysis, possibly limiting our ability to form biological conclusions without
other supporting data. The majority of the metabolites detected showed no
significant differences between samples, and similarly to Utermann,
Echelmeyer, Blümel, et al., (2020), we were unable to find a clear correlation
between C. intestinalis gut microbiome and metabolome. However, the
clustering of cultured organisms within infected samples on the PCA plot
(Figure 5), the increased concentration of metabolites related to stress (Figure
6), and the increased/decreased bacterial diversity in the infected and cultured
samples, respectively, suggest some level of gut dysbiosis in infected and
cultured samples. This could be due to a variety of factors such as age,
salinity, starvation, phenotypic plasticity, and even genetic diversity of
tunicates which has been shown to increase ability to handle parasitic burden
in damselflies (Kaunisto et al., 2013).
Gregarines have been described across the whole range of symbiotic
relationships, from mutualistic to parasitic, within their hosts. In the case of
Lankesteria ascidiae, no significant microbial differences and very minimal
metabolite variations suggest that within the realm of this study, this gregarine
species exhibited a more commensal lifestyle. Still, higher alphabacterial
diversity and increased concentrations of metabolites related to
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osmoregulatory and oxidative stress suggest that on a molecular level,
infection is altering the gut community and metabolome of the host.
Throughout this study, there was no indication that any tunicates
suffered from long feces syndrome, a disease that plagues inland culturing of
tunicates. Instances of symbionts switching their modes from commensal to
parasitic have been reported (Ames et al., 2015; Shapiro & Turner, 2018) and
it remains possible that culturing stress may be a major factor in long feces
syndrome. Microbiome analysis of tunicates suffering from different stages of
long feces syndrome may allow us to see if host microbiome drives symbiont
pathogenicity. Lankesteria ascidiae may be capable of switching between the
various forms of symbiotic relationships throughout their infection, depending
on changes in environmental conditions, stress, nutritional status, or certain
cues from the host organism. Ciona intestinalis begins to disappear from
Rhode Island waters in early fall, and though one would think dropping water
temperatures would be an environmental stressor great enough to harm hosts
ability to fight off parasitic burden, virtually no gregarines were found in
dissected ascidians from late August onward. This observation further
strengthens the idea of a more commensal relationship, as the gregarines did
not harm the gut or cause damage in a time of stress on the host organism. In
fact, the trophozoites visually disappeared from hosts altogether.
Coupling this preliminary data with further omics data, such as single
cell genomics/transcriptomics of gregarines as well as utilizing mass
spectroscopy, will aid in understanding the pathways potentially being affected
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by L. ascidiae infection. A library of known metabolites found in the gut
metabolome of C. intestinalis will need to be compiled as a reference because
current pathway analysis only supports human chemical pathway analysis.
Transcriptomics of gregarines single cells and alternate metabolite detection
methods will help us understand any key differences between gut
metabolomes and where L. ascidiae could be influencing those variations.
Ultimately, with our current understanding of uninfected C. intestinalis gut
microflora and metabolome, we are one step closer to the development of an
in vitro culturing system to simulate host environment that will allow for rearing
and study of gregarines separate from hosts.
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Table 1. A summary table showing alpha and beta diversity statistics for
pairwise comparison between infected and uninfected C. intestinalis. (A)
Shannon index was used as an alpha diversity measure to account for both
richness and evenness, (B) Faith’s PD was used as an alpha diversity
measure to incorporate phylogenetic differences between species, (C) BrayCurtis used computational dissimilarities to quantify beta diversity, (D)
Weighted UniFrac measurements incorporate phylogenetic distances to
quantify beta diversity. Shannon and Faith’s PD pairwise measurements were
calculated using a Kruskal-Wallis and Bray-Curtis and UniFrac were
determined using ANOISM. (5 Infected-Wild samples, 5 Uninfected-Wild
samples, 4 Uninfected-Cultured samples, n=14)
(A) Shannon Diversity Index
Group 1
Group 2
Infected Wild
Uninfected Wild
Infected Wild
Uninfected Cultured
Uninfected Wild
Uninfected Cultured
(B) Faith’s PD
Group 1
Group 2
Infected Wild
Uninfected Wild
Infected Wild
Uninfected Cultured
Uninfected Wild
Uninfected Cultured
(C) Bray-Curtis
Group 1
Group 2
Infected Wild
Uninfected Wild
Infected Wild
Uninfected Cultured
Uninfected Wild
Uninfected Cultured
(D) Weighted UniFrac
Group 1
Group 2
Infected Wild
Uninfected Wild
Infected Wild
Uninfected Cultured
Uninfected Wild
Uninfected Cultured
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H
2.45
2.94
6.00

p-value
0.12
0.09
0.01

q-value
0.12
0.12
0.04

H
2.46
6
6

p-value
0.12
0.01
0.01

q-value
0.12
0.02
0.02

R
0.2
1
0.9

p-value
0.122
0.008
0.004

q-value
0.122
0.012
0.012

R
0.1
0.8
0.6

p-value
0.166
0.008
0.01

q-value
0.166
0.015
0.015

Figure 1. Light microscopy of infected Ciona intestinalis gut with gregarine
Lankesteria ascidiae. (A) Wild infected gut visible under a dissecting
microscope. Black arrow indicates stomach with slight orange hue. (B) Five
gregarines under an inverted dissected microscope after spilling out from
infected gut. White arrows point to trophozoites. (C) Isolated trophozoite under
light microscopy using 110x objective. Spherical nucleus (n) was situated in
the center of the cell. Mucron used for feeding was pointed at the tip (red
arrow).
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Figure 2. Alpha rarefaction curves of 16S bacterial communities. Analysis was

Shannon Index

performed between Infected, uninfected, and uninfected cultured samples are
compared using observed featuresSequencing
and the
Shannon index (n=14).
Depth

Sequencing Depth
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Figure 3. Comparative microbiome analysis to the phylum level of three C.
intestinalis infection groups. The taxonomic assignment was conducted with
SILVA (release 138) and samples contributing to less than 1% of OTU’s were
pooled into category “Taxa <0.01%”. Replicates were combined by calculating
the average relative abundance for each phylum.
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Figure 4. A 2-D Principal Coordinate Analysis plot was calculated using all the
detected C. intestinalis microbiome OTU’s comparing infection and location
categories based on a Bray-Curtis similarity matrix (n=14).
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Figure 5. Principal Component Analysis plot revealing distances between
metabolites in infected and uninfected C. intestinalis gut samples using
metabolite concentrations from NMR analysis. (n=24).
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Uninfected significant metabolites
Insignificant metabolites
Infected significant metabolites

Figure 6. Volcano plot incorporating fold change analysis and two-sample ttest results to display significantly upregulated of metabolites for infected and
uninfected wild C. intestinalis (n=21).
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Figure 7. Quantitative Enrichment Analysis of top 25 microbiome metabolites
from C. intestinalis gut samples. Analysis was done using 464 main chemical
class metabolite sets. Data was square root transformed and auto-scaled for
normalization. Cultured samples were excluded from analysis. The dots are
colored based on their P-values and size is based on the fold enrichment
calculated as the calculated statistic / expected statistic (for QEA) (n=21).
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Supplementary Figure 1. Metabolite concentrations before and after
normalization by sum and auto-scaling. Performed to obtain more normalized
data, reduce heteroscedasticity, and make all metabolites equally important.

40

BIBLIOGRAPHY
Alarcón, M. E., Jara-F., A., Briones, R. C., Dubey, A. K., & Slamovits, C. H.
(2017). Gregarine infection accelerates larval development of the cat flea
Ctenocephalides felis (Bouché). Parasitology, 144(4), 419–425.
https://doi.org/10.1017/S0031182016002122
Aldeyarbi, H. M., & Karanis, P. (2016). The Ultra-Structural Similarities
between Cryptosporidium parvum and the Gregarines. Journal of
Eukaryotic Microbiology, 63(1), 79–85. https://doi.org/10.1111/jeu.12250
Andrews, S. (2018). FastQC.
Asayesh, G., Mohebbi, G. H., Nabipour, I., Rezaei, A., & Vazirizadeh, A.
(2021). Secondary Metabolites from the Marine Tunicate “Phallusia nigra”
and Some Biological Activities. Biology Bulletin, 48(3), 263–273.
https://doi.org/10.1134/S1062359021030031
Ayuningrum, D., Liu, Y., Riyanti, Sibero, M. T., Kristiana, R., Asagabaldan, M.
A., Wuisan, Z. G., Trianto, A., Radjasa, O. K., Sabdono, A., & Schäberle,
T. F. (2019). Tunicate-associated bacteria show a great potential for the
discovery of antimicrobial compounds. PLoS ONE, 14(3).
https://doi.org/10.1371/journal.pone.0213797
Benjamini, Y., & Hochberg, Y. (1995). Controlling the False Discovery Rate: A
Practical and Powerful Approach to Multiple Testing. Journal of the Royal
Statistical Society: Series B (Methodological), 57(1), 289–300.
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x

41

Blasiak, L. C., Zinder, S. H., Buckley, D. H., & Hill, R. T. (2014). Bacterial
diversity associated with the tunic of the model chordate Ciona
intestinalis. ISME Journal, 8(2), 309–320.
https://doi.org/10.1038/ismej.2013.156
Boisard, J., & Florent, I. (2020). Why the –omic future of Apicomplexa should
include gregarines. Biology of the Cell, 1–13.
https://doi.org/10.1111/boc.202000006
Bollatti, F., & Ceballos, A. (2014). Effect of gregarines (Apicomplexa:
Sporozoa) on survival and weight loss of Victorwithius similis Beier, 1959
(Arachnida: Pseudoscorpiones). Journal of Invertebrate Pathology,
117(1), 13–18. https://doi.org/10.1016/j.jip.2014.01.002
Bones, A. J., Jossé, L., More, C., Miller, C. N., Michaelis, M., & Tsaousis, A. D.
(2019). Past and future trends of Cryptosporidium in vitro research.
Experimental Parasitology, 196(November 2018), 28–37.
https://doi.org/10.1016/j.exppara.2018.12.001
Bork, P., Bowler, C., de Vargas, C., Gorsky, G., Karsenti, E., & Wincker, P.
(2015). Tara Oceans studies plankton at planetary scale. Science,
348(6237), 873. https://doi.org/10.1126/science.aac5605
Bronstein, J. L. (1994). Conditional outcomes in mutualistic interactions.
Trends in Ecology & Evolution, 9(6), 214–217.
https://doi.org/10.1016/0169-5347(94)90246-1
Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A.,
& Holmes, S. P. (2016). DADA2: High-resolution sample inference from

42

Illumina amplicon data. Nature Methods, 13(7), 581–583.
https://doi.org/10.1038/nmeth.3869
Camino, E., Cruz-Lopez, F., de Juan, L., Dominguez, L., Shiels, B., &
Coultous, R. M. (2020). Phylogenetic analysis and geographical
distribution of Theileria equi and Babesia caballi sequences from horses
residing in Spain. Ticks and Tick-Borne Diseases, 11(6), 101521.
https://doi.org/https://doi.org/10.1016/j.ttbdis.2020.101521
Carreno, R. A., Matrin, D. S., & Barta, J. R. (1999). Cryptosporidium is more
closely related to the gregarines than to coccidia as shown by
phylogenetic analysis of apicomplexan parasites inferred using smallsubunit ribosomal RNA gene sequences. Parasitology Research, 85(11),
899–904. https://doi.org/10.1007/s004360050655
Cavalier-Smith, T. (2014). Gregarine site-heterogeneous 18S rDNA trees,
revision of gregarine higher classification, and the evolutionary
diversification of Sporozoa. European Journal of Protistology, 50(5), 472–
495. https://doi.org/10.1016/j.ejop.2014.07.002
Ciancio, A., Scippa, S., & Cammarano, M. (2001). Ultrastructure of
trophozoites of the gregarine Lankesteria ascidiae (Apicomplexa:
Eugregarinida) parasitic in the ascidian Ciona intestinalis (Protochordata).
European Journal of Protistology, 37(3), 327–336.
https://doi.org/10.1078/0932-4739-00829

43

Cleary, A. C., & Durbin, E. G. (2016). Unexpected prevalence of parasite 18S
rDNA sequences in winter among Antarctic marine protists. Journal of
Plankton Research, 38(Febraury), 401–417.
Criado-Fornelio, A., Verdú-Expósito, C., Martin-Pérez, T., Heredero-Bermejo,
I., Pérez-Serrano, J., Guàrdia-Valle, L., & Panisello-Panisello, M. (2017).
A survey for gregarines (Protozoa: Apicomplexa) in arthropods in Spain.
Parasitology Research, 116(1), 99–110. https://doi.org/10.1007/s00436016-5266-0
de la Calle, F. (2017). Marine microbiome as source of natural products. In
Microbial Biotechnology (Vol. 10, Issue 6, pp. 1293–1296). John Wiley
and Sons Ltd. https://doi.org/10.1111/1751-7915.12882
de Vargas, C., Audic, S., Henry, N., Decelle, J., Mahé, F., Logares, R., Lara,
E., Berney, C., le Bescot, N., Probert, I., Carmichael, M., Poulain, J.,
Romac, S., Colin, S., Aury, J.-M., Bittner, L., Chaffron, S., Dunthorn, M.,
Engelen, S., … Karsenti, E. (2015). Eukaryotic plankton diversity in the
sunlit ocean. Science, 348(6237), 1261605.
https://doi.org/10.1126/science.1261605
Dias, G., Dallai, R., Carapelli, A., Almeida, J. P. P., Campos, L. A. O., Faroni,
L. R. A., & Lino-Neto, J. (2017). First record of gregarines (Apicomplexa)
in seminal vesicle of insect. Scientific Reports, 7(1), 1–9.
https://doi.org/10.1038/s41598-017-00289-3
Dishaw, L. J., Flores-Torres, J., Lax, S., Gemayel, K., Leigh, B., Melillo, D.,
Mueller, M. G., Natale, L., Zucchetti, I., de Santis, R., Pinto, M. R., Litman,

44

G. W., & Gilbert, J. A. (2014). The gut of geographically disparate Ciona
intestinalis harbors a core microbiota. PLoS ONE, 9(4).
https://doi.org/10.1371/journal.pone.0093386
Donia, M. S., Fricke, W. F., Partensky, F., Cox, J., Elshahawi, S. I., White, J.
R., Phillippy, A. M., Schatz, M. C., Piel, J., Haygood, M. G., Ravel, J., &
Schmidt, E. W. (2011). Complex microbiome underlying secondary and
primary metabolism in the tunicate-Prochloron symbiosis. Proceedings of
the National Academy of Sciences of the United States of America,
108(51). https://doi.org/10.1073/pnas.1111712108
Drew, G. C., Stevens, E. J., & King, K. C. (2021a). Microbial evolution and
transitions along the parasite–mutualist continuum. Nature Reviews
Microbiology, 19(10), 623–638. https://doi.org/10.1038/s41579-02100550-7
Drew, G. C., Stevens, E. J., & King, K. C. (2021b). Microbial evolution and
transitions along the parasite–mutualist continuum. Nature Reviews
Microbiology, 19(10), 623–638. https://doi.org/10.1038/s41579-02100550-7
Emwas, A. H., Roy, R., McKay, R. T., Tenori, L., Saccenti, E., Nagana Gowda,
G. A., Raftery, D., Alahmari, F., Jaremko, L., Jaremko, M., & Wishart, D.
S. (2019). Nmr spectroscopy for metabolomics research. In Metabolites
(Vol. 9, Issue 7). MDPI AG. https://doi.org/10.3390/metabo9070123
Erwin, P. M., Pineda, M. C., Webster, N., Turon, X., & López-Legentil, S.
(2014). Down under the tunic: Bacterial biodiversity hotspots and

45

widespread ammonia-oxidizing archaea in coral reef ascidians. ISME
Journal, 8(3), 575–588. https://doi.org/10.1038/ismej.2013.188
Euceda, L. R., Giskeødegård, G. F., & Bathen, T. F. (2015). Preprocessing of
NMR metabolomics data. Scandinavian Journal of Clinical and Laboratory
Investigation, 75(3), 193–203.
https://doi.org/10.3109/00365513.2014.1003593
Ewald, P. W. (1987). Transmission Modes and Evolution of the ParasitismMutualism Continuum. Annals of the New York Academy of Sciences,
503(1 Endocytobiolo), 295–306. https://doi.org/10.1111/j.17496632.1987.tb40616.x
Gaulke, C. A., Martins, M. L., Watral, V. G., Humphreys, I. R., Spagnoli, S. T.,
Kent, M. L., & Sharpton, T. J. (2019). A longitudinal assessment of hostmicrobe-parasite interactions resolves the zebrafish gut microbiome’s link
to Pseudocapillaria tomentosa infection and pathology. Microbiome, 7(1),
10. https://doi.org/10.1186/s40168-019-0622-9
Gubbels, M.-J., & Duraisingh, M. T. (2012). Evolution of apicomplexan
secretory organelles. International Journal for Parasitology, 42(12), 1071–
1081. https://doi.org/10.1016/j.ijpara.2012.09.009
Holland, L. Z. (2016). Tunicates. In Current Biology (Vol. 26, Issue 4, pp.
R146–R152). Cell Press. https://doi.org/10.1016/j.cub.2015.12.024
Hunter, E. S., Paight, C., & Lane, C. E. (2020). Metabolic Contributions of an
Alphaproteobacterial Endosymbiont in the Apicomplexan Cardiosporidium

46

cionae. Frontiers in Microbiology, 11.
https://doi.org/10.3389/fmicb.2020.580719
Husain, A., Sato, D., Jeelani, G., Soga, T., & Nozaki, T. (2012). Dramatic
Increase in Glycerol Biosynthesis upon Oxidative Stress in the Anaerobic
Protozoan Parasite Entamoeba histolytica. PLoS Neglected Tropical
Diseases, 6(9), e1831. https://doi.org/10.1371/journal.pntd.0001831
Iritani, D., Banks, J. C., Webb, S. C., Fidler, A., Horiguchi, T., & Wakeman, K.
C. (2021). New gregarine species (Apicomplexa) from tunicates show an
evolutionary history of host switching and suggest a problem with the
systematics of Lankesteria and Lecudina. Journal of Invertebrate
Pathology, 183, 107622. https://doi.org/10.1016/j.jip.2021.107622
Irvine, S. Q., Ristoratore, F., & di Gregorio, A. (2019). Tunicates: From humble
sea squirt to proud model organism. Developmental Biology, 448(2), 69–
70. https://doi.org/10.1016/j.ydbio.2019.02.007
Janouskovec, J., & Keeling, P. J. (2016). Evolution: Causality and the Origin of
Parasitism. Current Biology, 26(4), R174–R177.
https://doi.org/10.1016/j.cub.2015.12.057
Janouskovec, J., Paskerova, G. G., Miroliubova, T. S., Mikhaiiov, K. v., Birley,
T., Aieoshin, V. v., & Simdyanov, T. G. (2019). Apicomplexan-like
parasites are polyphyletic and widely but selectively dependent on cryptic
plastid organelles. ELife, 8, 1–24. https://doi.org/10.7554/eLife.49662
Joly, J.-S., Kano, S., Matsuoka, T., Auger, H., Hirayama, K., Satoh, N., Awazu,
S., Legendre, L., & Sasakura, Y. (2007). Culture of Ciona intestinalis in

47

closed systems. Developmental Dynamics, 236(7), 1832–1840.
https://doi.org/10.1002/dvdy.21124
Katoh, K., Rozewicki, J., & Yamada, K. D. (2019). MAFFT online service:
multiple sequence alignment, interactive sequence choice and
visualization. Briefings in Bioinformatics, 20(4), 1160–1166.
https://doi.org/10.1093/bib/bbx108
Keeling, P. J., & McCutcheon, J. P. (2017). Endosymbiosis: The feeling is not
mutual. Journal of Theoretical Biology, 434, 75–79.
https://doi.org/10.1016/j.jtbi.2017.06.008
Kua, B. C., Mohd. Salleh, M. T., & Noraziah, M. R. (2013). A case study of
protozoan parasite gregarine nematopsis spp. (apicomplexa: Sporozoa)
infestation in mangrove oyster crassostrea belcheri imported from
Thailand. Pertanika Journal of Tropical Agricultural Science, 36(3), 217–
224.
Kwong, W. K., del Campo, J., Mathur, V., Vermeij, M. J. A., & Keeling, P. J.
(2019). A widespread coral-infecting apicomplexan with chlorophyll
biosynthesis genes. Nature, 568(7750), 103–107.
https://doi.org/10.1038/s41586-019-1072-z
Law, R., & Dieckmann, U. (1998). Symbiosis through exploitation and the
merger of lineages in evolution. Proceedings of the Royal Society of
London. Series B: Biological Sciences, 265(1402), 1245–1253.
https://doi.org/10.1098/rspb.1998.0426

48

Leander, B. S., Clopton, R. E., & Keeling, P. J. (2003). Phylogeny of
grenarines (Apicomplexa) as inferred from a small-subunit rDNA and βtubulin. International Journal of Systematic and Evolutionary Microbiology,
53(1), 345–354. https://doi.org/10.1099/ijs.0.02284-0
Leander, B. S., Lloyd, S. A. J., Marshall, W., & Landers, S. C. (2006).
Phylogeny of marine gregarines (apicomplexa) - Pterospora, Lithocystis
and Lankesteria - And the origin(s) of coelomic parasitism. Protist, 157(1),
45–60. https://doi.org/10.1016/j.protis.2005.10.002
Lentendu, G., Mahé, F., Bass, D., Rueckert, S., Stoeck, T., & Dunthorn, M.
(2018). Consistent patterns of high alpha and low beta diversity in tropical
parasitic and free-living protists. Molecular Ecology, 27(13), 2846–2857.
https://doi.org/10.1111/mec.14731
Ley, R. E., Turnbaugh, P. J., Klein, S., & Gordon, J. I. (2006). Human gut
microbes associated with obesity. Nature, 444(7122), 1022–1023.
https://doi.org/10.1038/4441022a
Magne, F., Gotteland, M., Gauthier, L., Zazueta, A., Pesoa, S., Navarrete, P.,
& Balamurugan, R. (2020). The Firmicutes/Bacteroidetes Ratio: A
Relevant Marker of Gut Dysbiosis in Obese Patients? Nutrients, 12(5),
1474. https://doi.org/10.3390/nu12051474
Mahé, F., de Vargas, C., Bass, D., Czech, L., Stamatakis, A., Lara, E., Singer,
D., Mayor, J., Bunge, J., Sernaker, S., Siemensmeyer, T., Trautmann, I.,
Romac, S., Berney, C., Kozlov, A., Mitchell, E. A. D., Seppey, C. V. W.,
Egge, E., Lentendu, G., … Dunthorn, M. (2017). Parasites dominate

49

hyperdiverse soil protist communities in Neotropical rainforests. Nature
Ecology and Evolution, 1(4), 1–8. https://doi.org/10.1038/s41559-0170091
Marden, J. H., & Cobb, J. R. (2004). Territorial and mating success of
dragonflies that vary in muscle power output and presence of gregarine
gut parasites. Animal Behaviour, 68(4), 857–865.
https://doi.org/10.1016/j.anbehav.2003.09.019
Markus, J. A., & Lambert, C. C. (1983). Urea and ammonia excretion by
solitary ascidians. Journal of Experimental Marine Biology and Ecology,
66(1), 1–10. https://doi.org/10.1016/0022-0981(83)90023-0
Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet.Journal, 17(1), 10.
https://doi.org/10.14806/ej.17.1.200
Massana, R., Gobet, A., Audic, S., Bass, D., Bittner, L., Boutte, C.,
Chambouvet, A., Christen, R., Claverie, J. M., Decelle, J., Dolan, J. R.,
Dunthorn, M., Edvardsen, B., Forn, I., Forster, D., Guillou, L., Jaillon, O.,
Kooistra, W. H. C. F., Logares, R., … de Vargas, C. (2015). Marine protist
diversity in European coastal waters and sediments as revealed by highthroughput sequencing. Environmental Microbiology, 17(10), 4035–4049.
https://doi.org/10.1111/1462-2920.12955
Mathis, K. A., & Bronstein, J. L. (2020). Our Current Understanding of
Commensalism. Annual Review of Ecology, Evolution, and Systematics,
51(1), 167–189. https://doi.org/10.1146/annurev-ecolsys-011720-040844

50

Mathur, V., del Campo, J., Kolisko, M., & Keeling, P. J. (2018). Global diversity
and distribution of close relatives of apicomplexan parasites.
Environmental Microbiology, 20(8), 2824–2833.
https://doi.org/10.1111/1462-2920.14134
Mathur, V., Kolísko, M., Hehenberger, E., Irwin, N. A. T., Leander, B. S.,
Kristmundsson, Á., Freeman, M. A., & Keeling, P. J. (2019). Multiple
Independent Origins of Apicomplexan-Like Parasites. Current Biology,
29(17), 2936-2941.e5. https://doi.org/10.1016/j.cub.2019.07.019
Mathur, V., Kolisko, M., Hehenberger, E., Irwin, N. A. T., Leander, B. S.,
Kristmundsson, Á., Freeman, M. A., & Keeling, P. J. (2019). Multiple
independent origins of apicomplexan-like parasites. BioRxiv, 636183.
https://doi.org/10.1101/636183
McFadden, G. I., & Waller, R. F. (1997). Plastids in parasites of humans.
BioEssays, 19(11), 1033–1040. https://doi.org/10.1002/bies.950191114
Mita, K., Kawai, N., Rueckert, S., & Sasakura, Y. (2012). Large-scale infection
of the ascidian Ciona intestinalis by the gregarine Lankesteria ascidiae in
an inland culture system. Diseases of Aquatic Organisms, 101(3), 185–
195. https://doi.org/10.3354/dao02534
Morrison, D. A. (2009). Evolution of the Apicomplexa: where are we now?
Trends in Parasitology, 25(8), 375–382.
https://doi.org/10.1016/j.pt.2009.05.010
Muñoz-Gómez, S. A., Durnin, K., Eme, L., Paight, C., Lane, C. E., Saffo, M.
B., & Slamovits, C. H. (2019). Nephromyces represents a diverse and

51

novel lineage of the apicomplexa that has retained apicoplasts. Genome
Biology and Evolution, 11(10), 2727–2740.
https://doi.org/10.1093/gbe/evz155
Palanisamy, S. K., Rajendran, N. M., & Marino, A. (2017). Natural Products
Diversity of Marine Ascidians (Tunicates; Ascidiacea) and Successful
Drugs in Clinical Development. In Natural Products and Bioprospecting
(Vol. 7, Issue 1). Springer. https://doi.org/10.1007/s13659-016-0115-5
Paskerova, G. G., Miroliubova, T. S., Diakin, A., Kováčiková, M., Valigurová,
A., Guillou, L., Aleoshin, V. v, & Simdyanov, T. G. (2018). Fine structure
and Molecular Phylogenetic Position of Two Marine Gregarines,
Selenidium pygospionis sp. n. and S. pherusae sp. n., with Notes on the
Phylogeny of Archigregarinida (Apicomplexa). Protist, 169(6), 826–852.
https://doi.org/https://doi.org/10.1016/j.protis.2018.06.004
Rodriguez, Y., Omoto, C. K., & Gomulkiewicz, R. (2007). Individual and
Population Effects of Eugregarine, <I>Gregarina niphandrodes</I>
(Eugregarinida: Gregarinidae), on <I>Tenebrio molitor</I> (Coleoptera:
Tenebrionidae). Environmental Entomology, 36(4), 689–693.
https://doi.org/10.1603/0046-225x(2007)36[689:iapeoe]2.0.co;2
Rohlfs, L., Müller, K., & Stach, T. (2020). The Pericardial Body of Ciona
intestinalis Contains Hemocytes and Degenerating Muscle Cells, But No
Parasites. Acta Parasitologica, 0123456789.
https://doi.org/10.1007/s11686-020-00323-x

52

Roos, D. S. (2005). Themes and Variations in Apicomplexan Parasite Biology.
Science, 309(5731), 72–73. https://doi.org/10.1126/science.1115252
Rueckert, S., Betts, E. L., & Tsaousis, A. D. (2019a). The Symbiotic Spectrum:
Where Do the Gregarines Fit? Trends in Parasitology, 35(9), 687–694.
https://doi.org/10.1016/j.pt.2019.06.013
Rueckert, S., Betts, E. L., & Tsaousis, A. D. (2019b). The Symbiotic Spectrum:
Where Do the Gregarines Fit? In Trends in Parasitology (Vol. 35, Issue 9,
pp. 687–694). Elsevier Ltd. https://doi.org/10.1016/j.pt.2019.06.013
Rueckert, S., Chantangsi, C., & Leander, B. S. (2010). Molecular systematics
of marine gregarines (Apicomplexa) from North-eastern Pacific
polychaetes and nemerteans, with descriptions of three novel species:
Lecudina phyllochaetopteri sp. nov., Difficilina tubulani sp. nov. and
Difficilina paranemertis sp. n. International Journal of Systematic and
Evolutionary Microbiology, 60(11), 2681–2690.
https://doi.org/10.1099/ijs.0.016436-0
Rueckert, S., & Leander, B. S. (2008). Morphology and phylogenetic position
of two novel marine gregarines (Apicomplexa, Eugregarinorida) from the
intestines of North-eastern Pacific ascidians. Zoologica Scripta, 37(6),
637–645. https://doi.org/10.1111/j.1463-6409.2008.00346.x
Rueckert, S., Wakeman, K. C., Jenke-Kodama, H., & Leander, B. S. (2015a).
Molecular systematics of marine gregarine apicomplexans from Pacific
tunicates, with descriptions of five novel species of Lankesteria.

53

International Journal of Systematic and Evolutionary Microbiology, 65(8),
2598–2614. https://doi.org/10.1099/ijs.0.000300
Rueckert, S., Wakeman, K. C., Jenke-Kodama, H., & Leander, B. S. (2015b).
Molecular systematics of marine gregarine apicomplexans from Pacific
tunicates, with descriptions of five novel species of Lankesteria.
International Journal of Systematic and Evolutionary Microbiology,
65(Pt_8), 2598–2614. https://doi.org/10.1099/ijs.0.000300
Saffo, M. B. (1990). Symbiosis within a symbiosis: Intracellular bacteria within
the endosymbiotic protist Nephromyces. Marine Biology, 107(2), 291–
296. https://doi.org/10.1007/BF01319828
Saffo, M. B., McCoy, A. M., Rieken, C., & Slamovits, C. H. (2010).
Nephromyces, a beneficial apicomplexan symbiont in marine animals.
Proceedings of the National Academy of Sciences of the United States of
America, 107(37), 16190–16195.
https://doi.org/10.1073/pnas.1002335107
Salomaki, E. D., Terpis, K. X., Rueckert, S., Kotyk, M., Varadínová, Z. K.,
Čepička, I., Lane, C. E., & Kolisko, M. (2021). Gregarine single-cell
transcriptomics reveals differential mitochondrial remodeling and
adaptation in apicomplexans. BMC Biology, 19(1), 77.
https://doi.org/10.1186/s12915-021-01007-2
Sims, L. L. (1984). Osmoregulatory capabilities of three macrosympatric
stolidobranch ascidians, Styela clava Herdman, S. plicata (Lesueur), and
S. montereyensis (Dall). Journal of Experimental Marine Biology and

54

Ecology, 82(2–3), 117–129. https://doi.org/10.1016/0022-0981(84)900984
Smith, A. J., & Cook, T. J. (2008). Host Specificity of Five Species of
Eugregarinida Among Six Species of Cockroaches (Insecta: Blattodea).
Comparative Parasitology, 75(2), 288–291. https://doi.org/10.1654/4326.1
Utermann, C., Blümel, M., Busch, K., Buedenbender, L., Lin, Y., Haltli, B. A.,
Kerr, R. G., Briski, E., Hentschel, U., & Tasdemir, D. (2020). Comparative
Microbiome and Metabolome Analyses of the Marine Tunicate Ciona
intestinalis from Native and Invaded Habitats. Microorganisms, 8(12),
2022. https://doi.org/10.3390/microorganisms8122022
Utermann, C., Echelmeyer, V. A., Blümel, M., & Tasdemir, D. (2020). CultureDependent Microbiome of the Ciona intestinalis Tunic: Isolation,
Bioactivity Profiling and Untargeted Metabolomics. Microorganisms, 8(11),
1732. https://doi.org/10.3390/microorganisms8111732
Utermann, C., Echelmeyer, V. A., Oppong-Danquah, E., Blümel, M., &
Tasdemir, D. (2020). Diversity, Bioactivity Profiling and Untargeted
Metabolomics of the Cultivable Gut Microbiota of Ciona intestinalis.
Marine Drugs, 19(1), 6. https://doi.org/10.3390/md19010006
Valigurová, A., & Florent, I. (2021). Nutrient Acquisition and Attachment
Strategies in Basal Lineages: A Tough Nut to Crack in the Evolutionary
Puzzle of Apicomplexa. Microorganisms, 9(7), 1430.
https://doi.org/10.3390/microorganisms9071430

55

van den Berg, R. A., Hoefsloot, H. C. J., Westerhuis, J. A., Smilde, A. K., &
van der Werf, M. J. (2006). Centering, scaling, and transformations:
Improving the biological information content of metabolomics data. BMC
Genomics, 7. https://doi.org/10.1186/1471-2164-7-142
Votýpka, J., Modrý, D., Oborník, M., Šlapeta, J., & Lukeš, J. (2016).
Apicomplexa. In Handbook of the Protists (pp. 1–58). Springer
International Publishing. https://doi.org/10.1007/978-3-319-32669-6_20-1
Wakeman, K. C. (2020). Molecular Phylogeny of Marine Gregarines
(Apicomplexa) from the Sea of Japan and the Northwest Pacific Including
the Description of Three Novel Species of Selenidium and Trollidium
akkeshiense n. gen. n. sp. Protist, 171(1), 125710.
https://doi.org/10.1016/j.protis.2019.125710
Walker, N. F., Nadjm, B., & Whitty, C. J. M. (2018). Malaria. Medicine, 46(1),
52–58. https://doi.org/10.1016/j.mpmed.2017.10.012
Willis, A. D. (2019). Rarefaction, alpha diversity, and statistics. Frontiers in
Microbiology, 10(OCT). https://doi.org/10.3389/fmicb.2019.02407
Woo, Y. H., Ansari, H., Otto, T. D., Klinger, C. M., Kolisko, M., Michálek, J.,
Saxena, A., Shanmugam, D., Tayyrov, A., Veluchamy, A., Ali, S., Bernal,
A., del Campo, J., Cihlář, J., Flegontov, P., Gornik, S. G., Hajdušková, E.,
Horák, A., Janouškovec, J., … Pain, A. (2015). Chromerid genomes
reveal the evolutionary path from photosynthetic algae to obligate
intracellular parasites. ELife, 4. https://doi.org/10.7554/eLife.06974

56

Wooldridge, S. A. (2010). Is the coral-algae symbiosis really ‘mutually
beneficial’ for the partners? BioEssays, 32(7), 615–625.
https://doi.org/10.1002/bies.200900182
Xia, J., & Wishart, D. S. (2011). Web-based inference of biological patterns,
functions and pathways from metabolomic data using MetaboAnalyst.
Nature Protocols, 6(6), 743–760. https://doi.org/10.1038/nprot.2011.319
Yang, B., Zhang, X., Zagorchev, L., Li, J., Frey, B., & Li, M. (2019). Parasitism
changes rhizospheric soil microbial communities of invasive Alternanthera
philoxeroides, benefitting the growth of neighboring plants. Applied Soil
Ecology, 143, 1–9. https://doi.org/10.1016/j.apsoil.2019.05.025

57

